Quantum field theory in curved spacetimes predicts a mechanism of pair-wise particle creation to occur in expanding universes. Although, this fundamental quantum effect has played a significant role during the period of cosmic inflation, it has become too rare for direct observations in the present-day universe. However, a similar process of particle production is expected to occur in certain quantum systems with fixed spatial dimensions and a time-dependent speed of light; for instance in electromagnetic waveguides with tunable parameters. This paper studies a quantized array of LC-circuits with a time-dependent inductivity L(t) and an effective speed of light v(t) ∝ 1/ L(t) C. For waveguides with a step-like profile v(t), we will work out the full two-point correlation function of the magnetic flux Φ(t, x) serving as a generalized coordinate. This expression will be found to have a characteristic signature which can be used to identify the analog of cosmological particle creation in future experiments. In contrast to the number of particles produced, the distinctive pattern of the correlation function is of first order in the perturbed quantity L(t). Therefore, measuring two-point correlations is a promising strategy for observing analogs of cosmological particle creation in real laboratory set-ups. Besides studying a sudden change of the characteristic velocity v(t), we will also discuss how the correlation function evolves after a smoother step satisfying the relation v 2 (t) ∝ tanh (ρt) + const.
I. INTRODUCTION
Pair creation resulting solely from the cosmic expansion is one of the most startling predictions of quantum field theory in curved spacetimes. The concept that quantum mechanics in non-stationary universes allows for a mechanism of particle production was originally introduced by Schrödinger [1] just a decade after Hubble's discovery of the cosmic expansion. A more profound field theoretical understanding of this fundamental quantum effect was later developed by Parker [2] and others (also see Ref. [3] ) in the late 1960's.
By now, the still unobserved phenomenon of cosmological particle creation has become a widely accepted concept and even constitutes a crucial assumption underlying the inflationary models of modern cosmology.
Since cosmological particle creation always produces particle pairs of vanishing net momentum, it possesses a characteristic signature which should -in principle -be observable in coincidence or correlation measurements between two suitable detectors at different spacetime points (t 1 , x 1 ) and (t 2 , x 2 ). Unfortunately, the rate of particles produced at the current speed of the cosmic expansion is much too small for direct detections of comological particle creation [2] .
Nevertheless, analog systems for quantum fields in expanding spacetimes can be implemented in various different laboratory set-ups involving Bose-Einstein condensates [4] , ion traps [5, 6] and electromagnetic waveguides [7] . The latter class of physical systems is a particularly promising candidate for simulating cosmic expansion in the laboratory [8] because it has already been used to successfully observe the closely related dynamical Casimir effect [7, [9] [10] [11] .
In the following, we are going to study an electromagnetic waveguide with a time-dependent effective speed of light v(t). Reducing this characteristic parameter v(t), effectively increases all length scales in the waveguide under consideration. Therefore, laboratory systems with a monotonically decreasing speed of light v(t) ought to produce photon pairs in perfect analogy to the mechanism of cosmological particle creation.
However, direct observations of particle production in tunable waveguides remain experimentally challenging because the corresponding particle number expectation values are of second order in the perturbed quantity [8] .
In the following, we will demonstrate that the twopoint correlation κ(t 1 , x 1 , t 2 , x 2 ) of the magnetic flux Φ(t, x) occuring inside a waveguide with a step-like inductivity L(t) has a characteristic signature which is of first order in the perturbation L(t > 0)−L(t < 0). Therefore, measuring correlations instead of particle numbers [8] may enhance the chances for observing analog cosmological particle creation in real experiments.
For a step-like speed of light v(t), particle creation occurs at a distinct instance of time and imprints singularities into the correlation function κ(t 1 , x 1 , t 2 , x 2 ). In order to examine how the characteristic expression κ(t 1 , x 1 , t 2 , x 2 ) changes for a smoother step of the quantity v(t), we will also consider set-ups with tanh-like profiles v 2 (t). A
II. CLASSICAL MODEL FOR A WAVEGUIDE WITH A TIME-DEPENDENT SPEED OF LIGHT
Previous research on circuit quantum electrodynamics, has brought up various possible implementations of waveguides with tunable parameters [7, 8, 12] . In this work, we will focus on set-ups that can be described with the effective circuit diagram illustrated in Fig. 1 .
Specifically, we consider an LC-circuit of total length D which comprises N capacitors with homogeneous capacities C and N inductances with homogeneous but time-dependent inductivities L(t). Denoting the current in the j-th inductance with the symbol I j and the charge on the j-th capacitor with Q j , Kirchhoff's laws yield the classical equations of motioṅ
Experimental realizations of the circuit shown in Fig. 1 can be based on superconducting quantum interference devices (SQUIDs), which are naturally described by the magnetic fluxΦ j (t) = L(t) I j (t) instead of the electric currents I j and charges Q j . However, analogous to Ref.
[13], we will use the modified quantity Φ j (t) satisfying the relationΦ j (t) = Q j / √ C as a generalized coordinate throughout the following calculations. In terms of this generalized magnetic flux Φ j (t), both lines of equation (1) can be decoupled to the expression
In the continuum limit with ∆x → 0 and some constant length D = N ∆x, identity (2) turns into a wave equation with the effective speed of light v(t) = ∆x/ L(t) C.
Since adopting the continuum limit readily diagonalizes the system under consideration, it will be used throughout the following calculations. Taking the limit ∆x → 0 constitutes a reasonable approximation if the waveguide is much longer than a single mesh in the circuit (i.e. if D ∆x) and if the particles generated by changing the speed of light v(t) have wavelengths large compared to the width ∆x of a single mesh.
Notice that later calculations for a sharp step-function v(t) will predict the creation of photons with arbitrary wavelengths λ n = 2D/n, n ∈ N. However, similar considerations for the more realistic scenario of smoother parameter changes [3] suggest that the generation of small wave numbers is actually suppressed in real experiments. Therefore, studying the set-up from Fig. 1 in the continuum limit is reasonably justified for all modes satisfying λ n ∆x. The Lagrangian corresponding to the equations of motion (2) in the continuum limit is given by the expression
which is equivalent to the Lagrangian of a free and massless Klein-Gordon field. The same function L(t) can likewise be deduced from the formal 'kinetic' and 'potential' energies LI 2 j /2 and Q 2 j /(2C) corresponding to the respective circuit elements in Fig. 1 .
Since the waveguide under consideration is isolated at both ends, the electric current I(t, x) vanishes at the corresponding points x = 0 and x = D for all times t ∈ R. Applying the continuum limit to the temporal integral of the second line in equation (1) further yields a relation I(t, x) ∝ Φ (t, x) and we hence obtain Neumann boundary conditions Φ (t, 0) = Φ (t, D) = 0 ∀ t ∈ R for the magnetic flux Φ(t, x) [13] .
III. CANONICAL QUANTIZATION OF A WAVEGUIDE WITH A TIME-DEPENDENT SPEED OF LIGHT
In order to quantize the classical model from above, we follow the path of canonical quantization and obtain the quantum mechanical Hamiltonian
in which the operatorsΦ(t, x) andΠ(t, x) satisfy the canonical commutational relations for a quantum field and its associated momentum.
The corresponding Heisenberg equations of motioṅ
can finally be combined to the wave equation
In order to find the most general hermitian solution Φ(t, x) of equation (6), we decompose the operatorΦ(t, x) with respect to a complete and orthogonal set of sine and cosine functions and obtain the expression
with
being the only modes compatible with the Neumann conditions inherited from the classical field Φ(t, x) (cf. Ref. [13] ). Each of the time-dependent operatorsφ n (t) obviously satisfies the differential equation of a harmonic oscillator
IV. DYNAMICS FOR A SUDDENLY CHANGING SPEED OF LIGHT A. Operator solution for a step-like speed of light
In temporal intervals with a locally constant speed of light v(t) = v i , the most general hermitian solutionφ n (t) of equation (9) 
the operatorφ n (t) possesses a piecewise representation in which the symbolsĉ n are replaced with two different sets of annihilatorsâ n for t ≤ 0 andb n for t > 0. Notice that these new operators satisfy the separate
between the annihilatorsâ n before andb n after changing the speed of light v(t), can be deduced from the continuity of the expressionsφ n (t) andφ n (t) at t = 0, which follows from the Heisenberg equations (5) after inserting normal mode decompositions for both operatorsΦ(t, x) andΠ(t, x).
B. Particle creation at the time t = 0
In order to demonstrate that changing the speed of light v(t) indeed triggers the creation of particles, we study vacuum expectation values 0|N n |0 for the particle number operatorŝ
resulting from the previous considerations in paragraph IV A. Working in the Heisenberg picture, the entire timedependency is contained in the operatorsN n whereas the state |0 always refers to the initial system configuration at t → −∞.
It should be stressed that this particular quantum state satisfies the relationâ n |0 = 0 for all annihilators in the temporal regime of t < 0 but not for the corresponding operatorsb n at times t > 0. Therefore, the state |0 describes a vacuum configuration for negative times t < 0 but not in case of t > 0.
By calculating expectation values for the operatorŝ N n from equation (13), one finds all particle numbers 0|N n |0 to undergo a sudden change from 0 to
at the time t = 0 (cf. Ref. [8] ). Thus, particle creation for the step-like profile v(t) specified in equation (11) occurs at the sharp instance t = 0 and uniformly affects all modes n.
However, as mentioned before, studies of more realistic set-ups with smoother parameter changes indicate that the generation of higher modes is actually suppressed in real experiments.
As already outlined in the introductory paragraph, the resulting particle number
C. Two-point correlation for the full field operator Φ(t, x)
Inserting the operatorφ n (t) from equation (10) with eitherĉ n →â n orĉ n →b n into the expression (7) finally yields the most general hermitian solution for the full quantum fieldΦ(t, x).
In the following, we are going to study the symmetrized two-point correlation
in which the symbol χ ∞ accounts for the infinite but constant contribution of the infrared divergence emerging from the lowest (n = 0)-mode. Focussing on the real part in equation (14) makes the expression κ(t 1 , x 1 , t 2 , x 2 ) invariant under an exchange of both spacetime points (t 1 , x 1 ) and (t 2 , x 2 ). After evaluating all quantum mechanical expectation values, elementary trigonometric identities can be used to rearrange the function κ(t 1 , x 1 , t 2 , x 2 ) into a sum containing multiple expressions of the characteristic shape
provided in equation (1.448) of Ref. [14] . Typical expressions ξ occurring in terms of the specific type (15) can be abbreviated with a symbol
in which the indices s 1 and s 2 ∈ {±1} constitute placeholders for two variable signs.
1. Two-point correlation for t1 and t2 ≤ 0
If both arguments t 1 and t 2 are negative, i.e. located before the instance of particle production, the expression from equation (14) finally yields (17) and diverges to positive infinity under the condition
with s 1 , s 2 ∈ {±1} and m ∈ Z. For identical times t 1 = t 2 , the latter requirement is satisfied only if x 1 = x 2 . An illustration of the corresponding function κ(t 1 , x 1 , t 2 = t 1 , x 2 ) for two arbitrary but identical times t 1 = t 2 ≤ 0 is provided in Fig. 2 .
On the other hand, different arguments t 1 = t 2 , allow for the occurrence of further singularities. Detailed studies of equation (18) reveal that, for a fixed spacetime point (t 1 , x 1 ), the two-point correlation κ(t 1 , x 1 , t 2 , x 2 ) becomes singular exactly if the second point (t 2 , x 2 ) is located on the light-cone centred at (t 1 , x 1 ). An illustration for the trivial case of Fig. 3 . For larger values of v 0 (t 2 − t 1 ), the light-cone under consideration is folded back at the edge of the waveguide. The resulting structure is shown in Fig. 3 and can be characterized by the expression (18) with parameters m = 0.
The previous findings indicate that each singularity of the function κ(t 1 ≤ 0, x 1 , t 2 ≤ 0, x 2 ) arises from the double-detection of a single 'signal' at the respective spacetime points (t 1 , x 1 ) and (t 2 , x 2 ). Between both times t 1 and t 2 , the 'signal' travels at a speed of either +v 0 or −v 0 and is reflected whenever it reaches an edge of the waveguide. In the temporal regime of t 1 , t 2 < 0, vacuum fluctuations of the magnetic flux are the only kind of 'signal' expected to propagate inside the waveguide. Therefore, singularities of the expression κ(t 1 ≤ 0, x 1 , t 2 ≤ 0, x 2 ) from equation (17) can be attributed to double-detections of such fluctuations.
The occurrence of positive correlations κ(t 1 ≤ 0, x 1 , t 2 ≤ 0, x 2 ) for all spacetime points (t 1 , x 1 ) and (t 2 , x 2 ) satisfying condition (18) further matches the expected behavior for double-detections of electromagnetic waves which are reflected at the Neumann-type boundary points x = 0 and x = D without
Worldlines for a photon pair which is produced at an arbitrary position x0 and the sharp time t = 0. For all points (t1, x1) and (t2, x2) located on opposite worldlines, the correlation function κ(t1 > 0, x1, t2 > 0, x2) has a singularity characterized by the expression (20).
any phase shifts.
2. Two-point correlation for t1 and t2 > 0
In the regime, where both times t 1 and t 2 are positive, the correlation function adopts the form
All summands with γ = −1 grow singular under conditions resembling those that have already been discussed for negative times t 1 and t 2 . In perfect analogy to the previous considerations from paragraph IV C 1, these divergences can be attributed to double-detections of single 'signals' travelling at speeds of absolute value v 1 . For positive times t 1 and t 2 , such 'signals' can be caused by either quantum fluctuations or newly-created particles.
Apart from this, the function κ(t 1 > 0, x 1 , t 2 > 0, x 2 ) also grows singular in case of
As illustrated in Fig. 4 for the exemplary condition x 2 − x 1 = v 1 (t 1 + t 2 ), this new type of singularities arises if both spacetime points (t 1 , x 1 ) and (t 2 , x 2 ) are located on opposite branches of a single (possibly back-folded) light-cone starting at an arbitrary position x 0 and the precise time t = 0. This is the characteristic behavior one expects if pairs of photons with opposite velocities +v 1 and −v 1 are created at the sharp time t = 0. valid for arbitrary times t 1 = t 2 ≤ 0, it correctly supplements the evolution illustrated in Fig. 5 for the argument t 1 = 0.
By comparing all plots provided in either Fig. 2  or 5 , we find a rectangular pattern of singularities κ(t 1 , x 1 , t 1 , x 2 ) → −∞ to emerge for positive arguments t 1 > 0. In case of t 1 = 0, this structure coincides with the line x 1 = x 2 and is apparently overcompensated by the strong divergence κ(t 1 , x 1 , t 2 , x 2 ) → +∞ occurring for identical spacetime points (t 1 , x 1 ) = (t 2 , x 2 ). At times t 1 > 0, the corners of the rectangular structure in IG. 6. Two possible worldlines for an initial quantum fluctuation passing through a spacetime point (t1, x1) with t1 < 0. The condition in the first line of equation (21) is satisfied for all points (t2 > 0, x2) that are located on the right branch of the depicted light-cone. The second type of singularities emerges for those points (t2 > 0,x2) which belong to the other worldline illustrated above. At the instance t = 0, the initial quantum fluctuation therefore changes its velocity from v0 to v1 and further undergoes a process of partial reflection.
Two-point correlation for times t1 and t2 with opposite signs
For times t 1 and t 2 with opposite signs, the correlation function κ(t 1 , x 1 , t 2 , x 2 ) has singularities under conditions similar to both expressions (18) and (20). For the exemplary case of t 1 < 0 and t 2 > 0, these divergences occur if either
Analogous to the previous paragraphs, singularities specified by the first line of equation (21) can be explained with double-detections of single quantum fluctuations that propagate at speeds of absolute value v 0 for all negative times t and change their velocities either from +v 0 to +v 1 or from −v 0 to −v 1 at the time t = 0. The motion of such a fluctuation is illustrated with the worldline passing through both points (t 1 , x 1 ) and (t 2 , x 2 ) in Fig. 6 .
However, the structure of the second line in equation (21) indicates that quantum fluctuations propagating at an initial speed of either +v 0 or −v 0 are also partly reflected at the time t = 0 and afterwards propagate with the new velocity −v 1 or +v 1 respectively. For an illustration of such a partial reflection, see the left branch of the light-cone shown in Fig. 6 .
The splitting of initial fluctuations into superpositions of left-and right-moving components corresponds to the mixing of the initial creation and annihilation operatorŝ a † n andâ n in the representation (12) for the new annihilatorsb n . Since this combination of operatorsâ † n andâ n is responsible for the process of particle production, the partial reflections encoded in the second line of equation (21) vividly illustrate, that particle creation originates from fluctuations that have already been present at times t < 0.
By considering the partial reflection of a continuously differentiable classical wave satisfying u(t, x) = exp [ik (x − v 0 t)] for negative times t < 0 and u(t, x) = A exp [ik (x − v 1 t)] + B exp [−ik (x − v 1 t)] for positive arguments t > 0, one easily finds the amplitude B of the reflected component to be negative in case of v 0 > v 1 and positive for v 0 < v 1 , whereas A is always positive. The same signs also arise if a classical wave packet Φ(t, x) experiences the same type of partial reflection. Consequently, all mixed overlaps between transmitted and reflected components in the associated classical correlation Φ(t 1 > 0, x 1 ) Φ(t 2 > 0, x 2 ) possess sings which similarly depend on the ratio v 0 /v 1 . In the quantum mechanical discussions from paragraph IV C 2, these mixed overlaps for the classical field Φ(t, x) correspond to the characteristic imprint of particle creation onto the correlation function κ(t 1 > 0, x 1 , t 2 > 0, x 2 ). Therefore, the (v 0 /v 1 )-dependent sign occurring for the rectangular pattern in Fig. 5 can be attributed to the continuity conditions holding for the partially-reflected Fourier components of the classical field Φ(t, x).
V. DYNAMICS FOR A CONTINUOUSLY CHANGING SPEED OF LIGHT
A. Operator solution for a smoothly changing speed of light
In order to examine how the correlation function κ(t 1 , x 1 , t 2 , x 2 ) changes for more realistic set-ups with a continuously altered speed of light (cf. Sect. 3.4 in Ref. [3] ), we are going to consider a profile v(t) with the asymptotics v(t → −∞) = v 0 as well as v(t → +∞) = v 1 and the specific time-dependency
The differential equation
emerging from the above profile v 2 (t) and the harmonic oscillator problem (9) can be solved in perfect analogy to Sauter's discussion of the Klein paradox in Ref. [15] .
Based on the hypergeometric function 2 F 1 (a, b; c; z), two linearly independent scalar solutions of equation (23) are given by the expression
with ω i n = n π v i /D and its complex conjugate f * n (t) [3] . Notice that the term f * n (t) can be obtained by simply substituting i → −i into equation (24) because the hypergeometric function 2 F 1 (a, b; c; z) satisfies the relation
. In addition to the functions f n (t) and f * n (t), the expression
and its conjugated counterpart g * n (t) constitute an alternative pair of linearly independent solutions [3] .
By using both functions f n (t) and f * n (t) or g n (t) and g * n (t) respectively, the most general hermitian operator ϕ n (t) satisfying equation (23) can be formulated according toφ
with so far undetermined expressionsâ n andb n . For reasons of convenience, the functions f n (t) and g n (t) have been chosen in such a way that they perform harmonic oscillations
in the limiting case of t → −∞ or t → +∞ respectively [3] .
At sufficiently large values of |t|, the operatorφ n (t) hence adopts the same form as the corresponding expression (10) for a step-like speed of light v(t). Consequently, the operatorâ n occurring in equation (26) constitutes a bosonic annihilator for strongly negative times t → −∞, whereas the expressionb n constitutes an annihilator in the temporal regime of t → +∞ [16] . Once again, the vaccuum state |0 is characterized by the relationâ n |0 = 0 for all n ∈ N 0 but generally satisfieŝ b n |0 = 0.
An explicit connection
between the annihilatorsâ n andb n can further be obtained by inserting the identity In contrast to our previous discussions from paragraph IV, the operatorsâ n andb n occurring for a continuously changing speed of light v(t) constitute proper annihilators only in the asymptotic regimes of |t| → ∞. Therefore, a particle number operatorN n analogous to the expression from equation (13) can only be formulated in case of either t → −∞ or t → +∞.
In the infinite past with t → −∞, the particle number is given by the expression 0|â † nân |0 and vanishes for all mode indices n ∈ N 0 . By using the relation (28) along with the respective identities |Γ(iy)| 2 = π/[y sinh (πy)] and |Γ(1 + iy)| 2 = πy/ sinh (πy) which are valid for all y ∈ R (cf. Eqs. (6.1.29) and (6.1.31) in Ref. [17] ), we further obtain the well-known particle number [8] 0|b
in the asymptotic regime of t → ∞.
For large indices n ∈ N, the hyperbolic functions occurring in equation (31) can be asymptotically expanded and the particle number 0|b † nbn |0 is found to undergo exponential decay in case of n → ∞. As already discussed in paragraph II, this suppression of pair creation at small wave lengths λ n = 2D/n justifies a continuum limit description of the waveguide from Fig. 1 .
In the limiting case of n = 0, the expression 0|b † nbn |0 further reproduces the particle number
2 /(4 v 0 v 1 ) which has already been obtained for the rapidly changing speed of light v(t) discussed in paragraph IV.
C. Two-point correlation for a smoothly changing speed of light
General structure of the two-point correlation
Inserting the expression (26) into equation (7), finally yields the full field operator
For a continuously changing speed of light v(t), the associated correlation function κ(t 1 , x 1 , t 2 , x 2 ) involves sums that have no straightforward analytical solutions unless in case of either t 1 , t 2 → −∞ or t 1 , t 2 → +∞.
In the asymptotic regime with t 1 , t 2 → −∞ and f n (t → −∞) ∝ exp (−i ω 0 n t), the two-point correlation κ(t 1 , x 1 , t 2 , x 2 ) for the continuous profile v 2 (t) from equation (22) yields the same result that has already been obtained for the sharp step-function v(t) considered in paragraph IV.
For times t 1 , t 2 → +∞, the correlation κ(t 1 , x 1 , t 2 , x 2 ) of the magnetic fluxΦ(t, x) can be obtained analogous to the calculations yielding the particle number 0|b † nbn |0 in equation (31). Assuming that the infinite but constant contribution χ ∞ of the (n = 0)-mode has already been subtracted from the expression κ(t 1 , x 1 , t 2 , x 2 ), the symmetrized two-point correlation for the tanh-like profile v 2 (t) given in equation (22) adopts the form
and
× Re e
2. Behavior of the term κA (t1, x1, t2, x2) The fraction occurring in the second line of equation (34) )/(2 v 0 v 1 ) at n = 0. Apart from this factor, the expression κ A (t 1 , x 1 , t 2 , x 2 ) possesses the same structure as the corresponding term which yields the (γ = −1)-contributions to the correlation function (19) for the step-like profile v(t) from equation (11) . Due to the (n → ∞)-asymptotics of the long fraction in equation (34), the term κ A (t 1 , x 1 , t 2 , x 2 ) possesses singularities under exactly the same conditions
as the corresponding terms in equation (19). Analogous to our previous discussions from paragraph IV C, each singularity described by the expression (36) corresponds to a double-detection of a single 'signal'. Therefore, finding those singularities to occur regardless of the specific profile v(t) matches the physical intuition.
3. Behavior of the term κB(t1, x1, t2, x2)
In order to assess whether the second type of singularities occurring for sharp step-functions v(t) also persists for the tanh-like profile v 2 (t) from equation (22), we further need to study the term κ B (t 1 , x 1 , t 2 , x 2 ) under the condition
As the corresponding divergences for sharp stepfunctions v(t) arise from modes with large indices n, it is sufficient to consider approximations of the expression κ B (t 1 , x 1 , t 2 , x 2 ) which include accurate contributions for all summands with indices n → ∞. Based on the Stirling formula Γ(z) ∼ √ 2π e −z z z−1/2 which asymptotically expands the Γ-function for large values of |z| → ∞, the squared parentheses in equation (35) can be approximated according to
where the symbol Θ denotes the Heaviside-function. Although the expansion Γ(z) ∼ √ 2π e −z z z−1/2 leading to the identity (38) only holds in case of n → ∞ or ρ → 0, further numerical studies indicate that there exist various different combinations of parameters ρ, v 0 , v 1 and D for which the approximation (38) is reasonably justified even in case of n 0.
Assuming that the parameters ρ, v 0 , v 1 and D have been chosen in such a way that the approximation (38) holds for all non-negative integers n, the function κ B (t 1 , x 1 , t 2 , x 2 ) can be reduced to the expression
by means of straightforward trigonometry.
In order to examine whether the latter expression κ B (t 1 , x 1 , t 2 , x 2 ) diverges for spacetime points (t 1 , x 1 ) and (t 2 , x 2 ) satisfying the condition (37), we further approximate the term sinh πω 0 n /ρ with an exponential exp πω 0 n /ρ /2. This simplification is justified at least in the parameter regime of n → ∞. Afterwards, the identity
(cf. equation (1.448) in Ref. [14] ) can be used to explicitly evaluate the remaining sum over n. The resulting expression κ B (t 1 , x 1 , t 2 , x 2 ) adopts the form
and is illustrated in Fig. 7 for equal times t 1 = t 2 = 50 and parameters ρ = 1, v 0 = D as well v 1 = 0.8 D.
For waveguides of infinite size (i.e. if the length D significantly exceeds all other terms contributing to the quantityξ s1,s2 (t 1 , x 1 , t 2 , x 2 )), the arctangent in equation (42) can be approximated with a term arctan [ρ Dξ s1,s2 /(π 2 min {v 0 , v 1 })] which is independent of the parameter D. In this limiting case, the corresponding function κ B (t 1 , x 1 , t 2 , x 2 ) in the (x 1 , x 2 )-plane has smooth steps of finite widths ∝ 1/ρ along those lines satisfying the conditionξ s1,s2 (t 1 , x 1 , t 2 , x 2 ) = m π with m ∈ Z. The white rectangle shown in Fig. 7 illustrates the requirementξ s1,s2 (t 1 , x 1 , t 2 , x 2 ) = m π for a finite waveguide and the chosen plot parameters. Similarly to the limiting case of D → ∞, the lines satisfying the conditionξ s1,s2 (t 1 , x 1 , t 2 , x 2 ) = m π correspond to smooth steps of the function κ B (t 1 , x 1 , t 2 , x 2 ).
Compared to the singularities occurring for steplike profiles v(t), the lines described by the relatioñ ξ s1,s2 (t 1 , x 1 , t 2 , x 2 ) = m π are slightly shifted against the corresponding structure associated with the singularity condition (20) from paragraph IV. Apart from this, the expression κ B (t 1 , x 1 , t 2 , x 2 ) remains finite for all arguments including those points (t 1 , x 1 ) and (t 2 , x 2 ) which satisfy the relationξ s1,s2 (t 1 , x 1 , t 2 , x 2 ) = m π. Nevertheless, the function κ B (t 1 , x 1 , t 2 , x 2 ) still has a distinctive pattern in the same parameter regime as the two-point correlation (19) for the step-like profile v(t) from equation (11) .
It should be stressed that the approximation sinh πω If the condition ρD/v 0 1 is satisfied, the expression in equation (42) constitutes a reasonable approximation for the exact function κ B (t 1 , x 1 , t 2 , x 2 ).
Otherwise, the result from equation (42) correctly accounts only for the contributions of higher modes but requires corrections for all summands belonging to small indices n. Nevertheless, even if the expression (42) does not reflect the correct contributions of all modes, its nonsingular structure implies that the divergences (37) occurring for a suddenly changing speed of light v(t) are softened for smoother profiles v(t) satisfying equation (22).
VI. CONCLUSION
In the previous paragraphs, we have studied the quantum mechanical two-point correlation function κ(t 1 , x 1 , t 2 , x 2 ) for the generalised magnetic flux Φ(t, x) occurring inside an electromagnetic waveguide with an either rapidly or continuously modulated effective speed of light v(t).
For circuits with step-like time-dependencies v(t), the two-point correlation κ(t 1 , x 1 , t 2 , x 2 ) was found to have a distinctive pattern of singularities which is characteristic for pair-creation occurring at a sharp instance of time. In contrast to the corresponding rise of particle numbers reported in Ref. [8] , the specific features of the correlation function κ(t 1 , x 1 , t 2 , x 2 ) are of first order in the perturbation v 0 − v 1 . Therefore, we propose that measuring two-point correlations instead of particle numbers may enhance the chances for observing analog cosmological particle creation in future experiments with tunable waveguides.
More specifically, pair creation in set-ups with suddenly decreasing profiles v(t) causes the corresponding correlation functions to have logarithmic singularities κ(t 1 , x 1 , t 2 , x 2 ) → −∞ along certain lines in the (x 1 , x 2 )-plane. Apart from this, positive singularities also arise. However, each divergence satisfying the relation κ(t 1 , x 1 , t 2 , x 2 ) → +∞ can be attributed to the doubledetection of a single 'signal' at both spacetime points (t 1 , x 1 ) and (t 2 , x 2 ) and is thus no indicator for the occurrence of particle creation.
For continuous steps v(t) ∝ tanh (ρt) + const, the two-point correlation κ(t 1 , x 1 , t 2 , x 2 ) in the asymptotic regime of t 1 and t 2 → ∞ retains the latter type of singularities. However, the other divergent terms accounting for pair creation in waveguides with suddenly changing parameters v(t) adopt finite values for smoother timedependencies v(t) of the effective speed of light.
In the limiting case of a slowly modulated parameter v(t) satisfying the relation ρ v 0 /D, the corresponding correlation function κ(t 1 , x 1 , t 2 , x 2 ) has smooth steps of finite height, wherever its counterpart for a suddenly changing speed of light v(t) grows singular. Nevertheless, the two-point correlation κ(t 1 , x 1 , t 2 , x 2 ) still has a distinctive shape which is sufficiently characteristic to identify analog cosmological particle creation in future experiments.
